[1] Industrial emissions in Houston, Texas, and along the U.S. Gulf Coast are a large source of highly reactive anthropogenic volatile organic compounds (VOCs), principally alkenes, that affect air quality in that region. Nighttime oxidation by either O 3 or NO 3 removes these VOCs. This paper presents a regional analysis of nighttime P-3 flights during the 2006 Texas Air Quality Study (TexAQS) to quantify the loss rates and budgets for both NO 3 and highly reactive VOC. Mixing ratios and production rates of NO 3 were large, up to 400 parts per trillion by volume (pptv) and 1-2 parts per billion by volume (ppbv) per hour, respectively. Budgets for NO 3 show that it was lost primarily to reaction with VOCs, with the sum of anthropogenic VOCs (30-54%) and isoprene (10-50%) being the largest contributors. Indirect loss of NO 3 to N 2 O 5 hydrolysis was of lesser importance (14-28%) but was the least certain due to uncertainty in the aerosol uptake coefficient for N 2 O 5 . Reaction of NO 3 with peroxy radicals was a small but nonzero contribution to NO 3 loss but was also uncertain because there were no direct measurements of peroxy radicals. Net VOC oxidation rates were rapid (up to 2 ppbv VOC h −1 in industrial plumes) and were dominated by NO 3 , which was 3-5 times more important as an oxidant than O 3 . Plumes of high NO 3 reactivity (i.e., short steady state lifetimes, on the order of 1 min) identified the presence of concentrated emissions of highly reactive VOCs from the Houston Ship Channel (HSC), which, depending on the particular VOC, may be efficiently oxidized during overnight transport. 
Introduction
[2] The region near Houston Texas is home to a large fraction of the United States' petrochemical industry. Emission volatile organic compounds (VOCs) along with nitrogen oxides (NO x = NO + NO 2 ) from these facilities leads to rapid O 3 and aerosol formation and represents a significant air quality issue for this region [Brock et al., 2003; Gilman et al., 2009; Ryerson et al., 2003] . Nighttime VOC degradation in the presence of either NO 3 or O 3 does not directly lead to O 3 formation, but consumes an unknown fraction of total emissions that would otherwise lead to next-day photochemical O 3 formation .
[3] The nitrate radical, NO 3 , is well known as a nighttime tropospheric oxidant [e.g., Wayne et al., 1991] . It forms continuously from the relatively slow oxidation of NO 2 by O 3 but only builds to appreciable levels at night because of its rapid photolysis (e.g., j(NO 3 ) ∼ 0.2 s −1 in direct sunlight [Stark et al., 2007] ) and its reaction with NO, itself generally a daytime species. Once formed, NO 3 enters into temperaturedependent equilibrium with dinitrogen pentoxide, N 2 O 5 .
The subsequent atmospheric chemistry of NO 3 in the nighttime atmosphere depends on both its reactions with volatile organic compounds [Atkinson, 1991] and on the loss of N 2 O 5 , which reacts heterogeneously on aerosol particles to form HNO 3 or ClNO 2 [Finlayson-Pitts et al., 1989; Mozurkewich and Calvert, 1988] .
The products of (R3) vary considerably and may include oxygenated VOCs (OVOC), multifunctional organic nitrates, nitric acid and regenerated NO 2 . Although NO 3 reacts with a wide variety of VOCs, its rate coefficients are appreciable only for reactions with certain VOC classes. These include alkenes, aldehydes, reduced sulfur compounds, some oxygenated aromatics, furans and polycyclic aromatic hydrocarbons. For the purpose of this paper, these VOCs are termed highly reactive VOCs (HRVOCs), although in other literature the term HRVOC sometimes refers only to alkenes. Heterogeneous reactions may also represent a sink for NO 3 for some aerosol types [e.g., Gross et al., 2009] . Competition between reactions (R3) and (R4a) and (R4b) determines the impact of nighttime nitrogen oxide chemistry, which can lead to overnight degradation of highly reactive VOCs, loss of both NO x and O 3 , formation of photolabile halogen species, or overnight transport of pollutants as stable reservoir species (e.g., N 2 O 5 ) Brown et al., 2006] .
[4] The selectivity of NO 3 toward reaction with unsaturated compounds makes it an important oxidant for biogenic VOCs (BVOC) [Winer et al., 1984] ), which are largely composed of alkenes, but somewhat less important for the majority of anthropogenic VOCs (AVOC), which principally consist of alkanes, but which also include aromatic compounds and some alkenes. Nevertheless, AVOCs are often coemitted with NO 2 , such that there is a strong potential for NO 3 -driven nighttime oxidation in regions with large HRVOC emissions. is also shown. The most abundant VOCs in each class, such as ethene, toluene (and benzene) and formaldehyde, undergo modest overnight oxidation with NO 3 and little to none with O 3 , whereas the larger VOCs undergo some loss, but more rapidly with NO 3 than with O 3 . Nighttime consumption of more reactive VOCs by NO 3 may even approach the level of photochemical oxidation.
[5] Recent field measurements at surface sites have investigated the nighttime formation and loss processes for NO 3 radicals, and the associated HRVOC degradation, at sites in close proximity to large industrial emission sources in Houston Stutz et al., 2004 Stutz et al., , 2010 . These studies have included vertically resolved measurements of ozone and key nitrogen oxide species using longpath spectroscopic methods over different altitude ranges. They have shown that up to 70% of the nighttime production of NO 3 via (R1) is lost to oxidization of HRVOCs within the lowest 300 m of the atmosphere .
[6] Here, we present nighttime aircraft measurements on the NOAA P-3 of plumes downwind of several source regions in Texas, with a focus on Houston. These measurements complement those from surface sites by providing a regional view of the transport and nighttime transformation of these emissions, and by sampling within the residual daytime boundary layer (i.e., above the nocturnal boundary layer), which is largely decoupled from nighttime surface level emissions. Air masses sampled aloft after sunset from aircraft differ from those sampled at surface level in that the emissions must either have been mixed to the nominal 400-1000 m cruising altitude of the P-3 within a convective boundary layer during the previous day, or originate from buoyant sources (e.g., power plants). Recent nighttime aircraft measurements of NO x and total reactive nitrogen in Texas have demonstrated rapid overnight conversion of NO x emissions to oxidized, reactive nitrogen species [Luria et al., 2008] . The analysis presented in the present paper examines the details of nighttime transformation in plumes containing large amounts of O 3 , NO x and HRVOCs and includes measurements of key nighttime intermediates, NO 3 and N 2 O 5 , and speciated VOCs. It demonstrates that instantaneous NO 3 radical production rates (calculated from the observed mixing ratios of NO 2 and O 3 , see below) in these plumes varied up to 2 ppbv h −1
, and that reaction with VOCs was the largest contributor to NO 3 loss. Furthermore, NO 3 was a more Figure 1 . Comparison of the fraction (in percent) of different VOCs consumed during 10 h of transport in darkness by a constant level of either 50 ppbv O 3 (blue) or 200 pptv NO 3 (red). For reference, daytime consumption during 10 h of transport at constant OH of 3 × 10 6 molecules cm −3 (0.12 pptv) is also shown. The comparison does not include secondary chemistry arising from these oxidation processes (e.g., OH generation).
important nighttime oxidant than O 3 within these industrial plumes. Finally, analysis of NO 3 reactivity provides a high time resolution (1 Hz) measurement of nighttime HRVOC oxidation not quantified by the lower time resolution measurements available from canister samples.
Field Campaign and Experimental Methods
[7] The second Texas Air Quality Study (TexAQS 2006) took place in August-October 2006 and included measurements from surface sites, a ship and the NOAA P-3 aircraft [Parrish et al., 2009] . A principal goal of the study was to characterize the magnitude and impacts of emissions from petrochemical facilities in Houston, Texas, and along the U.S. Gulf Coast. The campaign included a series of three night flights on 8, 10 and 12 October 2006, which targeted emissions from urban Houston, the Houston Ship channel (HSC, a large concentration of industrial and petrochemical facilities east of the downtown area) and electric power generation facilities in both Houston and a rural location in northern Texas. All three night flights took off just before or just after sunset and flew to as late as midnight, local time. They thus encompassed the period in the early evening, to approximately 5 h after sunset, but not the later part of the night.
[8] Table 1 summarizes the measurements relevant to the analysis of nighttime VOC oxidation. In situ measurement of the nighttime nitrogen oxides, NO 3 and N 2 O 5 , has been described elsewhere [Dubé et al., 2006] . Briefly, NO 3 is measured by optical extinction using a pulsed dye laser/cavity ring-down spectrometer near the maximum of its visible absorption bands at 662 nm; N 2 O 5 is thermally converted to NO 3 in a second, heated channel that provides the sum NO 3 + N 2 O 5 . The instrument is zeroed periodically by addition of excess NO to the inlet, which rapidly scrubs NO 3 . The combination of 662 nm optical extinction with chemical titration by NO provides a specific measurement for NO 3 . Instrument sensitivity is 0.5 and 1 pptv for NO 3 and N 2 O 5 , respectively, in a 1 s integration time, with an accuracy of 20%. Instruments for the measurements of additional species, including NO x , O 3 , VOCs and aerosol, are listed in Table 1 . Further details on the individual instruments are available in the references listed in Table 1 .
Budgets for Nighttime Nitrogen Oxides
[9] Aircraft measurements of a series of nitrogen oxide species (NO 2 , NO 3 , N 2 O 5 ), O 3 , VOCs and aerosol allow for a regional analysis of the production and loss budgets for NO 3 and N 2 O 5 . Loss rate coefficients for NO 3 were calculated from a combination of VOC data from canister samples (Whole Air Samples, or WAS, see Table 1 ) and from averaging the data for additional VOC compounds measured by other instruments to the WAS time base. The WAS instrument sampled at user defined, arbitrary times with a collection time of 8-30 s. The additional VOC compounds were principally oxygenates such as acetaldehyde (measured by PTRMS). Table 2 shows the list of measured VOCs, their categorization, their rate coefficients and temperature dependence (where available) for their reactions with NO 3 . Equation (1) gives the formula for calculation of total firstorder NO 3 loss rate coefficients based on these data.
Here .) The first term accounts for the formation of N 2 O 5 and its heterogeneous uptake on aerosol, which appears in (1) as the first-order loss rate coefficient for N 2 O 5 (k N2O5 ) weighted by the equilibrium ratio of N 2 O 5 /NO 3 given by K eq (T) [NO 2 ], where K eq (T) is the equilibrium constant for N 2 O 5 formation from and thermal dissociation to NO 2 and NO 3 , and [NO 2 ] is the measured NO 2 concentration. Inclusion of the first term in (1) in this form is accurate in the limit where NO 3 and N 2 O 5 are in steady state with respect to their production and loss. For urban and industrial plumes from the TexAQS night flights (i.e., the data analyzed here), box model analysis indicates that observed and calculated lifetimes should agree to within 25-50% after 1 h, and 5-30% after 2 h. Steady state was not a good approximation for higher NO x power plant plumes [Brown et al., 2009b] . Equation (2) gives the N 2 O 5 heterogeneous loss rate coefficient.
Here c is the mean molecular speed of N 2 O 5 , g(N 2 O 5 ) is its uptake coefficient to aerosol, and S A is the aerosol surface area density (surface area per unit volume of air). Values for e LPAS, laser photoacoustic spectroscopy. f OPC, optical particle counter; CPC, condensation particle counter. g(N 2 O 5 ) for each flight were taken as the average for that flight (0.003 ± 0.002 on 8 and 12 October; 0.008 ± 0.007, on 10 October) based on a previous analysis [Brown et al., 2009b] . The use of an average g(N 2 O 5 ) reflects the lack of determinations for g(N 2 O 5 ) that were synchronous with the collection of WAS canisters. Since g(N 2 O 5 ) is a function of a number of variables, such as relative humidity and aerosol composition, it is likely to vary over the course of any single flight Brown et al., 2006; Chang et al., 2011] , such that the use of a single, average value may represent a significant source of error in the NO 3 and N 2 O 5 loss budgets for any given plume. The quoted uncertainty in the determined g(N 2 O 5 ) listed above is 70-90%, which translates directly into uncertainty in the contribution of N 2 O 5 hydrolysis to the NO 3 budgets in this paper.
[10] Loss rate coefficients were speciated according to five categories: (1) anthropogenic, (2) biogenic and (3) oxygenated VOC (AVOC, BVOC and OVOC, respectively), (4) radicals and (5) N 2 O 5 heterogeneous reactions. The first three categories and the last are as described above and shown in Table 2 . The radicals category is an estimate for the reaction of NO 3 with peroxy radicals [Canosa-Mas et al., 1996; Vaughan et al., 2006] , where the latter is derived solely from the concentration of peroxyacetyl radicals (PA = CH 3 C(O)O 2 ) calculated to be in equilibrium with the measured levels of peroxyacetyl nitrate (PAN = CH 3 C(O)O 2 NO 2 ) and NO 2 [Atkinson et al., 2006] .
It is likely that there were additional peroxy radicals from nighttime oxidation reactions involving O 3 or NO 3 [Carslaw et al., 1997; Platt et al., 1990 Platt et al., , 2002 Salisbury et al., 2001] . Reactions of NO 3 with peroxy radicals are also known to be a source of nighttime OH [Vaughan et al., 2006] . However, since peroxy radicals were neither measured nor explicitly calculated for nighttime P-3 flights, they are not included in the NO 3 loss rate analysis. Calculated NO 3 loss rate coefficients in this analysis are therefore lower limits, and it is difficult to estimate the uncertainty associated with this term. Reaction of NO 3 with NO is also rapid and represents an important sink near emission sources. None of the plumes sampled within the residual boundary layer had measurable NO above the 30 pptv (2s) precision of the chemiluminescence instrument. The reaction is not expected to contribute to NO 3 reactivity aloft, where there is sufficient transport time downwind of combustion sources of NO for its oxidation in excess O 3 to proceed to completion. Exclusion of NO as an NO 3 sink from the analysis of plumes in the residual layer is therefore justified.
[11] Loss rate coefficients for NO 3 calculated from VOC and aerosol data by equation (1) may be compared to the inverse of the NO 3 steady state lifetime, or the ratio of the NO 3 production rate to the measured NO 3 concentrations.
The latter quantity is also referred to as NO 3 reactivity, or NO 3 loss frequency [Geyer and Platt, 2002] . In the limit where production of NO 3 from reaction (R1) balances the losses given in equation (1), then t(NO 3 ) −1 ≈ k Loss (NO 3 ), i.e., equation (3b) ≈ equation (1). Thus, for conditions where the steady state approximation is valid, comparison of the two independent measurements of NO 3 loss rate coefficients provides a test of the level of understanding of nighttime nitrate radical chemistry.
[12] There were five distinct air mass or emission sector categories sampled during TexAQS night flights: aged urban air transported from Houston, recent urban emissions sampled at lower altitude near or below the nocturnal boundary layer, petrochemical emissions (primarily from the Houston Ship Channel), rural air masses sampled well outside of Houston and NO x emissions from power plants. There were few canister samples associated with power plant plumes, which were narrow (widths of 1-5 km, or 10-50 s of sampling time at 100 m s −1 ) and therefore difficult to sample with canisters, so this paper does not explicitly calculate NO 3 loss budgets for this sector. Sections 3.1-3.4 describe and contrast NO 3 budgets in the other four sectors, and give some comparison to prior work from NO 3 measurements at ground sites in different regions.
Aged Urban Plume
[13] Figure 2 shows the portion of the 8 October flight track immediately after sunset, which sampled the plume downwind of the broad Houston urban area under east-southeast wind direction. Although individual NO x -containing plumes originating from petrochemical facilities in the Houston Ship Channel were not immediately obvious within these broader urban plumes, the VOC reactivity was likely to have been influenced by emissions from this sector as well. The color and size code on the flight track shows the measured NO 3 mixing ratio. Backward trajectories calculated using the NOAA HYSPLIT model [Draxler and Rolph, 2003] show a total transport time of approximately 4-5 h from the urban center of Houston to the NO 3 plumes on the flight track in Figure 2 , but the time since sunset was 0-2 h (x axis of Figure 3 ). Thus, these plumes were likely more influenced by photochemistry than nighttime chemistry.
[14] Figure 3 shows the time series of measured NO 3 mixing ratios (Figure 3a) , production rates from equation (3a) (Figure 3b ) and calculated first-order loss rate coefficients (Figure 3c ) plotted against the time since sunset (elapsed time since the solar zenith angle passed through 90 degrees). Mixing ratios and production rates of NO 3 were modest in the downwind transects in the early part of the flight because the NO 2 associated with the urban plume in these transects had largely been consumed photochemically by reaction with OH. These plumes exhibited positive correlations between HNO 3 and O 3 (not shown, but correlation coefficient, r 2 = 0.5 Figure 2 . Portion of the P-3 flight track for 8 October 2006 color and size coded by measured NO 3 mixing ratio as shown on the scale in the lower right hand corner. Wind barbs along the track indicate local wind direction, and arrows along the track indicate direction of flight, which consisted of northsouth transects at successively larger distances west of the city. The map also shows urban boundaries, the largest of which is Houston-Galveston, and NO x point sources, sized according to their emission rates from a 2004 Texas Commission on Environmental Quality inventory. This flight segment sampled air from urban Houston shortly after sunset that had undergone both photochemistry and nighttime chemistry.
across the interval in Figure 3 ) indicative of photochemical NO x conversion. Data in Figures 3a and 3b are shown on both the 1 Hz time base on which they were collected and on the time base of the WAS canister samples (8-30 s duration at arbitrary intervals, see above).
[15] The pie charts in Figure 3d show the average speciation of the NO 3 loss budget for the Houston aged urban plume. These are taken as the average of the speciated NO 3 loss rates (i.e., the product of the NO 3 first-order loss rate coefficients from equation (1) and the measured NO 3 concentrations) for each bar in the time series graph above. The largest component of the NO 3 loss for the Houston urban plumes was reaction with BVOCs, accounting for more than one third of all NO 3 loss. The dominant biogenic VOC was isoprene (although some isoprene in Houston is of industrial origin, see below), which was likely emitted and mixed to the 400-900 m P-3 sampling altitude in the hours just prior to sunset. Isoprene emissions were not necessarily associated with the Houston urban plume itself, but may have come from areas to the east of Houston during daytime plume transport. The isoprene lifetime at night is 0.3-1.8 h at the 60-10 pptv levels of NO 3 seen in Figure 3 . The next most important terms in the NO 3 loss budget for the aged urban plumes were AVOC reactions and N 2 O 5 hydrolysis, which were each about one quarter of the total. Reactions with AVOC were dominated by alkenes (more than 3/4 of the total), as shown by the pie chart in the lower right hand corner. Aromatics were responsible for approximately a fifth of the loss by AVOC, while alkanes provided a quantifiable but small loss. The large contribution of AVOC losses to this budget and the large weighting of these losses toward alkenes may indicate that the Houston urban plume had a contribution from emissions from the Houston ship channel, which was also upwind of these transects. Reaction of OVOC was a smaller contribution and mainly represented reaction of NO 3 with VOC products derived from AVOC and BVOC. The principal oxygenated reaction partners were the aldehydes, acetaldehyde and methacrolein, which result from photochemical degradation of AVOC and BVOC during the day, respectively. Loss of NO 3 to OVOC is likely an underestimate of NO 3 reactions with aldehydes since there were no measurements of higher aldehydes, such as propanal, butanal, etc., with which NO 3 is more reactive but which are also typically present at smaller concentrations than acetaldehyde.
[16] Figure 3c shows the comparison of the calculated first-order loss rate coefficient for NO 3 , k loss (NO 3 ), from equation (1) to the inverse steady state lifetime, t(NO 3 ) −1 , from equation (3b). At times near sunset, the agreement between the two quantities is poor, but gradually improves with time, consistent with the time required for the approach of the system to steady state. Figure 4 shows the ratio of k loss (NO 3 )/t(NO 3 ) −1 against time since sunset for the aged urban plumes. Overlaid on the plot is a box model calculation of the same ratio using average values for O 3 , NO 2 , temperature and the determined sinks for NO 3 and N 2 O 5 [Brown et al., 2003] . The time to approach steady state (i.e., for t(NO 3 ) −1 ≈ k loss (NO 3 )) requires approximately 2 h past sunset, although the agreement is within 10% after 1.5 h. The points in Figure 4 approximately follow the line, with the exception of two clusters of canister samples at 1.2 and 2.0 h after sunset. The reason for the discrepancy for these particular WAS samples is not clear, although it could arise from any one of the sink categories in Figure 3 . Perhaps the least certain and most variable NO 3 sink is its loss to N 2 O 5 hydrolysis, which as noted above is parameterized here using only an average value for g(N 2 O 5 ); however, the derived g values in the aged urban plume from our prior analysis were not substantially different than on other legs of the 8 October flight. The other poorly constrained category in the loss budget is NO 3 reactions with peroxy radicals; an additional 5-10 pptv of HO 2 + RO 2 would be sufficient to close the budget. However, NO 3 budgets on other flight legs (see below) close without the need to invoke additional, unmeasured peroxy radicals. Overall, the measured sinks account for approximately 70% of those inferred from the −1 across the entire 2 h interval. This level of agreement is likely within the uncertainty of the analysis.
Recent Urban Emissions
[17] Figure 5 shows NO 3 mixing ratios, production rates and loss budgets for a set of aircraft transects into the nocturnal boundary layer well after dark on 12 October. These transects measured more recent emissions from urban Houston that presumably underwent only nighttime chemical processing; they provide contrast with the budgets for the aged urban plumes above. The aircraft transects are a set of two missed approaches to airfields to the north of Houston, followed by landing at Ellington field, where the P-3 was based. The altitude is shown on the right axis of Figure 5 . Mixing ratios and production rates were only appreciable below about 500 m altitude and were at a maximum below 250 m. Minimum altitudes on the first two missed approaches were 120 and 70 m above ground level. Radical production rates near the bottom of the transects were much larger than those associate with the aged urban plumes in Figure 3 , ranging up to nearly 2 ppbv h −1 . Mixing ratios of NO 3 were also considerably larger, though they did not peak at the bottom of the profiles, but rather in the layers above, where the NO 3 sinks were smaller. Figure 5c shows the sink budget on a split scale to illustrate the difference between canister samples at the bottom of the profiles and those aloft. Canister samples at the lowest altitudes of each transect showed by far the largest NO 3 losses, with the sample on the first transect having an NO 3 loss rate coefficient more than ten times larger than those observed aloft. This observation is consistent with the accumulation of concentrated levels of both reactive VOC and aerosol within a shallow nocturnal boundary layer. Increased NO 3 reactivity at low altitude may also be due to reaction with NO from nearby combustion sources. The NO 3 steady state lifetimes follow the variation in calculated losses throughout the transects, though the sink budgets are closed in some cases but not in others. Variation in the agreement between measured lifetimes and calculated sinks may arise from variability in N 2 O 5 hydrolysis efficiency, peroxy radical chemistry, failure of the steady state approximation for recent emissions, or from the presence of small levels of NO. For example, an NO level of 15 pptv is equal to an NO 3 loss rate coefficient, k(NO 3 ) = 0.01 s −1 , approximately equal to the total observed NO 3 reactivity. In spite of these potential uncertainties, both t(NO 3 ) −1 and k loss (NO 3 ) show large and well-correlated variations with altitude through these transects.
[18] The pie charts in Figure 5d show that the relative partitioning of NO 3 sinks associated with recent, nighttime emissions was more heavily weighted toward AVOC, which in turn was more heavily weighted toward aromatic compounds. The pie charts represent only canister samples taken below 450 m altitude, and are an average for data taken on similar transects from night flights on 10 and 12 October over Houston. The pie charts represent only the VOC and aerosol reactivity, and do not include any potential contribution by reaction of NO 3 with trace levels of NO. There were only 20 such samples in total; consequently, pie charts in Figure 5 must be interpreted with caution, especially since the large variability between canister samples may skew the averages. Contributions to the NO 3 loss rate budget from both N 2 O 5 hydrolysis and OVOC reactions were remarkably similar to the aged urban plume. The largest difference was the reduced contribution of NO 3 reaction with BVOC, which is consistent with reduced isoprene emissions from biogenic sources at night. Stutz et al. [2010] have inferred significant nighttime emissions of industrial isoprene from the NO 3 budget at a fixed location at the Moody tower, a site just southeast of the Houston urban center, during the 2006 campaign. This result is consistent with prior analysis from the 2000 Texas Air Quality study that showed industrial isoprene emissions to be large relative to biogenic emissions at a ground site near the Houston Ship Channel [Kuster et al., 2004] . Thus the small contribution of BVOC shown here may result from the influence of relatively larger industrial emissions within the Houston urban area at night.
Houston Ship Channel
[19] Figure 6 shows two P-3 flight track segments, from 8 and 12 October, that transected NO x -containing plumes downwind of the Houston ship channel that underwent chemical transformations occurring mainly at night. The 8 October flight sampled on the northwest side of Houston under primarily southeasterly wind direction, with back trajectories indicating a transport time from the ship channel of 3-4 h. The 12 October flight sampled to the north of the ship channel and Houston under south-southwesterly flow and similar transport times. One 12 October transect sampled upwind of the ship channel but downwind of other petrochemical facilities, including Texas City (see map). The majority of the data categorized here as influenced by ship channel emissions was taken on level flight legs between 500 and 850 m altitude.
[20] Figure 7 shows NO 3 mixing ratios, production rates and sink budgets for the HSC segments of both flights using the same format as Figure 3 . Levels of NO 3 on these segments of the two flights showed the largest observed values (approaching 400 pptv on 12 October) sustained by production rates in the range of 1-2 ppbv h −1 within the broad plumes from the ship channel, and even larger production rates within narrow plumes from point source such as a coalfired electric power plant. On 12 October, mixing ratios of NO 3 were progressively larger on successive transects downwind of the ship channel, most likely because of decreasing NO 2 levels and thus an increasing ratio of NO 3 to N 2 O 5 as NO 2 was oxidized further downwind of the source.
[21] The sink budget graph at the bottom of Figure 7 shows general agreement between the calculated NO 3 loss Figure 6 . Two P-3 flight segments from 8 and 12 October that sampled emissions from the Houston Ship Channel. The 8 October flight track, on the left, was under southeasterly flow (see wind barbs) with three north-south transects at successive distances west of the city followed by a northwest to southwest transect into the city. The 12 October track, in the center and on the right, was under south-southwesterly wind flow. The flight consisted of a series of east-west transects beginning south of Houston and progressing to further distances north of the city. Portions of the 12 October track upwind of the ship channel but downwind of other petrochemical facilities (e.g., Texas City) are also included. Flight tracks are color and size coded by NO 3 mixing ratio. Figure 3 . NO 3 sinks from petrochemical emissions were more heavily weighted toward anthropogenic VOC (46%), of which alkenes were by far the largest fraction (87%). rate coefficient and the inverse steady state lifetime, with an average ratio between the two of 99 ± 30%. Despite the apparent closure of the NO 3 budget within these plumes, there was significant variability in the budget from one canister sample to the next, which may be related to variations in N 2 O 5 uptake coefficients, peroxy radicals, or the validity of the steady state approximation, as described in section 3. Nevertheless, the closure of this budget, at least in an average sense, suggests that the production and loss budgets for NO 3 are reasonably well understood.
[22] The sink budget partitioning shown in Figure 7d was dominated by AVOC, although not to the same extent as the recent urban plumes sampled below 500 m in Figure 5 . Hydrolysis of N 2 O 5 was the next most important term, with small contributions from BVOC and OVOC. Alkenes were an even larger component of the AVOC-NO 3 budget downwind of the ship channel than in other source regions, accounting for 87% of the AVOC category. If the BVOC contributions in Figures 5 and 7 were indeed from industrial isoprene rather than a biogenic source, then anthropogenic alkenes were by far the dominant NO 3 reaction partner in recent urban emission (64%) and in plumes sampled downwind of the ship channel (57%).
Rural Areas
[23] Figures 8 and 9 show a similar analysis for the 10 October flight, which took off just prior to sunset and traversed the state of Texas to sample the Oklaunion power plant region near the Texas-Oklahoma border. The majority of this flight consisted of a series of transects downwind of this power plant, and the erratic flight track resulted from a search for the power plant plume in the stratified nighttime atmosphere. The analysis of the NO 3 reactivity in the North Texas area principally reflects the background air between the power plant intercepts, since this is where the majority (27 out of 30) of the canister samples were taken. This air was characterized by relatively low ozone (25-45 ppbv, with a mean value of 40 ppbv) and small but consistent NO 2 (0.5-2 ppbv, mean 0.9 ppbv). The NO x in this region, which is relatively far from major urban areas, may be related to the numerous oil and gas extraction facilities located in the area [Katzenstein et al., 2003] . As a result, the background air had small but nonzero NO 3 production rates, on the order of 0.1 ppbv h −1
. The large spikes in P(NO 3 ) in Figure 9b are the power plant intercepts, which are not included in the NO 3 loss analysis. Reactivity for NO 3 was also somewhat smaller than in Houston, with k loss (NO 3 ) < 2 × 10 −3 s −1 in general. [24] In rural North Texas, direct sinks for NO 3 accounted for 86% of the total loss rate. As the pie charts in Figure 9d show, the partitioning between NO 3 sinks had smaller contributions from OVOCs and peroxy radicals, and a much larger component from BVOCs, again dominated by isoprene. The isoprene lifetime at night in this rural region was likely much longer due to the small NO 3 radical production rate concentration (isoprene lifetime 1.8-0.6 h at the 10-30 pptv NO 3 mixing ratios), such that it could provide a sink for NO 3 even relatively late into the night [e.g., Brown et al., 2009a] . The comparison of the calculated NO 3 sinks to the inverse steady state lifetime for North Texas in Figure 9c again shows broad agreement, but with significant variability between individual canister samples. Calculated sinks accounted for 91 ± 32% of the NO 3 lifetime. (Note that the apparently faster approach to steady state after sunset on this flight is consistent with the reduced NO x levels, which decrease the time required to reach steady state [Brown et al., 2003] .) Surprisingly, anthropogenic VOCs still accounted for 30% of NO 3 loss, even in this rural region, and were again dominated by alkenes (74%). The presence of reactive alkenes in this region may be related to hydrocarbon emissions from oil and gas extraction in this area, which are known to produce anomalously large concentrations of hydrocarbons such as light alkanes [Katzenstein et al., 2003] .
Comparison to NO 3 Budgets From Other Studies
[25] The large contribution to NO 3 loss from AVOCs during nighttime flights over and downwind of Houston is in contrast to the majority of analyses of NO 3 loss budgets from other regions. The large contribution from NO 3 -VOC reactions in general, and from AVOC reactions in particular, is likely due to both the warm temperatures characteristic of Houston and the prevalence of alkene emissions from the petrochemical industry that is unique to Houston and the U.S. Gulf Coast [Gilman et al., 2009] . Warm temperatures shift the equilibrium between NO 3 and N 2 O 5 in favor of the former, favoring losses through NO 3 reactions over hydrolysis of N 2 O 5 (see equation (1)).
[26] A summertime study at a semipolluted coastal site in the United Kingdom found that reaction with nonmethane hydrocarbons accounted for only 11% of total NO 3 loss, whereas loss attributable to N 2 O 5 accounted for 37% [Allan et al., 1999] . The largest fraction of NO 3 loss in that study was due to reaction with dimethyl sulfide (DMS), a marine biogenic emission that was not an important contribution to the nighttime P-3 flights in Houston. Similarly, two studies in the polluted marine boundary layer off of the northeast United States coastline (one ship based, one from a coastal island) found that N 2 O 5 hydrolysis accounted for a highly variable amount of the total NO 3 loss budget, but was on average ∼50% [Aldener et al., 2006; Ambrose et al., 2007] . Again, DMS was an important contributor (25-50%) in those marine studies. Reaction of NO 3 with AVOCs was, by contrast, only 7% of the total NO 3 loss budget, even though the measurements were a few hours downwind of several large urban centers (Boston, MA, New York, NY) [Aldener et al., 2006] . Studies in other polluted marine environments such as the Mediterranean [Vrekoussis et al., 2004] and the Canadian coastline near Vancouver, BC [McLaren et al., 2009] , have found N 2 O 5 hydrolysis to be a dominant process for NO 3 loss budgets.
[27] A study of the polluted continental boundary layer near Berlin found that 25-80% of the loss of NO 3 was due to N 2 O 5 hydrolysis, with the majority of the remaining NO 3 loss due to reactions with BVOCs. Anthropogenic VOCs played a much smaller role in the NO 3 loss budget [Geyer et al., 2001] . A recent study in a forested region of Germany found that gas phase reactions with VOCs were more important for NO 3 losses, but inferred the major loss due to biogenic, rather than anthropogenic, VOCs [Crowley et al., 2010] . Two recent studies in urban and marine locations in Japan did find that gas phase reactions of NO 3 were of somewhat greater significance to the overall loss budget, but they did not quantitatively separate individual contributions of total losses for comparison to this work [Matsumoto et al., 2006; Nakayama et al., 2008] .
[28] The only ground-based study to infer a large contribution of NO 3 loss to reaction with anthropogenic alkenes is the analysis of long-path DOAS measurements from the Moody tower site in Houston during TexAQS 2006, where anthropogenic alkenes were responsible for 70% of the NO 3 loss , an even larger fraction than determined from the aircraft measurements. The aircraft NO 3 budgets are largely consistent with this analysis in that they find a slightly smaller contribution from highly reactive alkenes aloft and downwind of the source regions, where the oxidation rates are largest. The largest AVOC contributions in the present study were found at the lowest altitudes during missed approaches to airfields, most similar to the measurements at the ground site. The exception is the budget for the night flight in the rural area in North Texas, which differs from the Houston data in that the overall NO 3 loss rate coefficients were approximately an order of magnitude smaller and that the biogenic contribution was very likely due to isoprene from vegetation rather than industrial emissions.
[29] Also relatively unusual for the NO 3 loss budgets in the TexAQS 2006 night flights was the small contribution for indirect loss via heterogeneous hydrolysis of N 2 O 5 , accounting for 14-28% of the budget, on average, across all of the flights. This contribution was small for several reasons. First, the reactivity of AVOCs in Houston was larger than in other areas. Second, the temperatures in Houston, even in October, are warm (e.g., 22 ± 1°C below 1 km on 12 October) and tend to shift the NO 3 -N 2 O 5 equilibrium in favor of NO 3 , weighting its sinks more heavily. Finally, the determined uptake coefficients for N 2 O 5 to aerosol were small (i.e., g(N 2 O 5 ) = 0.003 for Houston flights, 0.008 for North Texas, see above) and generally smaller than typically determined from surface level measurements [e.g., Aldener et al., 2006; Heintz et al., 1996] , where this uptake coefficient may be as large as 0.03 . The reason for the reduced g(N 2 O 5 ) has been discussed in our previous publication [Brown et al., 2009b] , and may be related to the organic content of the aerosol, the presence of aerosol phase nitrate, or the liquid water content of the aerosol, among other factors.
VOC Oxidation Rates
[30] The accounting for NO 3 losses in section 3 quantifies the classes of VOCs with which this nighttime radical reacts in Houston, but not of the magnitude of the overall loss rate for reactive VOCs transported aloft in the dark. Nighttime VOC loss rates are important since the HRVOCs with which O 3 or NO 3 are reactive at night are also the most potent in terms of O 3 formation during the day [Russell et al., 1995; Warneke et al., 2004] . Therefore, the degree to which late day or nighttime emissions of such VOCs are oxidized overnight may influence next-day ozone formation in areas downwind of Houston, although this influence will also depend on the local VOC emissions in the downwind areas and on the overnight NO x consumption within the plumes [Brown et al., 2004] . Nighttime VOC oxidation may also depend on secondary chemistry, such as OH generation via reactions of NO 3 and peroxy radicals [Vaughan et al., 2006] . Such secondary oxidant generation is not considered in this section.
[31] Figures 10 and 11 show total, instantaneous VOC loss rates with respect to both NO 3 and O 3 for the two night flights that sampled mainly over Houston on 8 and 12 October. The top graph shows three different instantaneous oxidation rates (in ppbv h −1 ) plotted as a function of time since sunset (same as in Figures 3, 5, 7, and 9) . The first, shown as the solid lines at 1 Hz time resolution, is that for NO 2 by O 3 (i.e., P(NO 3 )) as shown in Figures 3, 5, 7, and 9 . The bars show the total VOC oxidation rates for both NO 3 and O 3 at the time resolution of the canister samples. The two oxidation rates are stacked to indicate both the total loss rate and the partitioning between NO 3 and O 3 . The expressions for the VOC loss rates are the sum of the temperature-dependent (where available) rate coefficients for reaction with a particular oxidant multiplied by the VOC concentration and the oxidant mixing ratio.
[32]
Figures 10 and 11 demonstrate three points about nocturnal oxidation in plumes transported aloft from sources in Houston. First, the instantaneous VOC oxidation rates determined at the point of sampling were mostly in the range 0-1 ppbv h −1 , with a small number of more reactive plumes ranging to several ppbv h −1 . Plumes associated with transport from the industrial HSC tended to have higher total oxidation rates than those associated with transport from urban Houston. For example, on 8 October, average VOC oxidation rates within the aged urban plumes sampled downwind of Houston were 0.14 ± 0.07 ppbv h −1 , while plumes associated with transport from the Houston ship channel in darkness had VOC oxidation rates more than 3 times larger, or 0.48 ± 0.17 ppbv h −1 . On 12 October, VOC oxidation rates within plumes downwind of the ship channel were larger and more variable, with an average of 0.8 ± 1.0 ppbv h −1 . Since these are instantaneous rates, measured downwind of source regions, they do not necessarily represent the mass of VOC oxidized over the course of plume transport. Oxidation rates tend to be largest near source regions, where VOC levels are highest, and decrease as the plume is transported downwind. Rapid oxidation rates near the HSC, for example, were due mainly to a variety of alkenes, principally propene and substituted butenes and pentenes. Vertical transects of the urban nocturnal boundary layer from missed approaches to airfields at the end of the 12 October flight sampled urban emissions (and to a lesser extent industrial emissions) much closer to the source. These vertical transects had average VOC oxidation rates of 0.18 ± 0.23 ppbv h −1 , but they were highly altitude dependent with sharp maxima at the lowest P-3 altitudes, as described above.
[33] Second, comparison of VOC oxidation rates with respect to the NO 3 production rates themselves shows the two to be of similar magnitude, as shown in the correlation plots in Figures 10b and 11b . This conclusion is identical to that of section 3, which showed NO 3 to be in near steady state, with VOC reactions accounting for the largest contribution to NO 3 loss. On 8 October, VOC oxidation rates in the Houston northwest area (i.e., downwind of the ship channel) were roughly 65% of the NO 3 production rate, on average. On 12 October, the VOC oxidation rates were similar to the NO 3 production rate, scattering near the 1:1 line in Figure 11b .
[34] Finally, Figures 10 and 11 show that NO 3 oxidation was 3-5 times more rapid than O 3 oxidation for total VOC loss rates for nighttime plumes above Houston. The pie charts in Figures 10c and 11c show the average relative contributions of NO 3 and O 3 to VOC loss rates for the two Figure 10 . (a) Net instantaneous VOC loss rates, as defined in equations (4) and (5), for the 8 October flight due to oxidation by NO 3 (red) and O 3 (blue) shown as bars and plotted against the time since sunset. Bars are on the WAS time base (Table 1) . Also plotted is the production rate for nitrate radicals, P(NO 3 ) (at 1 Hz) in the same units. Plotted against the right axis is aircraft altitude. (b) Plot of net VOC oxidation rates against nitrate radical production rate, P(NO 3 ). The dashed line is 1:1. (c) Pie chart of the average instantaneous fraction of VOC oxidation due to NO 3 (red) and ozone (blue) for the data shown in Figure 10a . flights. Thus, for the relatively warm and polluted conditions encountered here, NO 3 was the dominant nighttime oxidant, even for the predominantly AVOC mixture sampled over Houston. This result compares with a similar analysis from surface level measurements near Berlin in which NO 3 was approximately 1.6 times more important than O 3 as an oxidant for all classes of VOC [Geyer et al., 2001] . The analysis of Houston VOC data confirms the general picture shown in Figure 1 and discussed in the introduction; for the large NO 3 radical production rates and large mixing ratios encountered within the residual daytime boundary layer above Houston, formation of NO 3 radicals through oxidation of NO 2 by O 3 significantly increased the overnight loss rates of HRVOCs compared to ozonolysis reactions alone.
NO 3 Reactivity as a Measure of HRVOC Emissions
[35] Although the canister samples provide a detailed measurement of speciated VOCs at specific points along the flight track (see Tables 1 and 2 ), they generally are not able to characterize discrete plumes of HRVOCs due to the low duty cycle of the measurement. Similarly, the PTRMS instrument provides a subset of VOCs at higher time resolution but generally does not characterize the most highly reactive alkenes. The measurements of NO 3 lifetimes at 1 Hz time resolution do provide a measurement of reactivity on a time scale rapid enough to capture individual plumes of HRVOCs. Figure 12 shows an expanded view of two P-3 transects downwind of the Houston ship channel on 12 October, color and size coded by t(NO 3 ) −1 . Figure 13 shows an expanded view of transect 1, approximately 65 km downwind of the ship channel. The top graph shows that the mixing ratios of NO 3 and N 2 O 5 were generally proportional to their production rate, shown as the black trace in the middle graph. Between approximately 55-65 km from the start of the transect, however, the mixing ratios of NO 3 and N 2 O 5 deviated significantly from this relationship and fell to levels near zero in spite of a large sustained production rate. The ratio of these quantities (i.e., t(NO 3 ) −1 as in equations (3a) and (3b)) is plotted against the right hand axis of the middle graph. The two plumes of approximately 2.5-3.5 km width are attributed to localized emissions of HRVOCs from point sources in the Houston Ship Channel. Prior analysis has shown that industrial releases of HRVOCs from the Houston ship channel are an important contributing factor to photochemical ozone formation in the region [e.g., Gilman et al., 2009] . Nighttime releases do not lead directly to ozone formation, but have the potential to do so if the HRVOCs do not undergo nighttime degradation.
[36] There were no canister sample measurements coincident with these narrow plumes of high NO 3 reactivity (though there were several within the broader plume shown in Figure 5 , as indicated by the bars showing total NO 3 loss rate coefficients from the canister sample analysis, plotted on the same axis as the inverse lifetime). PTRMS measurements were available for one of the two plumes of higher reactivity, but did not show large enhancements in aromatic or oxygenated VOC. Continuous measurements of ethene were available from a fast response, photoacoustic instrument (see Table 1 ). The ethene trace shows a large Figure 12 . Map of two P-3 transects on the 12 October flight, color and size coded by the NO 3 inverse steady state lifetime (NO 3 reactivity), as shown in the legend. The arrow marks the local wind direction measured at the aircraft. Aircraft altitude for both transects was predominantly in the range 630-650 m above sea level, where the strongest nighttime transport of plumes from the Houston ship channel was observed. Figure 13 . Expanded view of (a) NO 3 and N 2 O 5 mixing ratios; (b) NO 3 radical production rates, P(NO 3 ) (left axis) and NO 3 inverse steady state lifetimes and loss rate coefficients (right axis); and (c) benzene, toluene, and acetaldehyde from the PTRMS and fast-response ethene mixing ratios plotted as a function of distance across a single east-west P-3 transect downwind of the Houston ship channel on 12 October (transect 1 in Figure 12 ). Aircraft altitude was approximately 650 m. The NO 3 inverse lifetime is taken here as a reactivity and is a proxy for the presence of unmeasured HRVOCs. enhancement throughout the broader plume with elevated P(NO 3 ), consistent with its relatively long lifetime with respect to oxidation by either ozone or NO 3 (see Figure 1) . Ethene levels within the narrower plume inferred from the NO 3 lifetime measurement showed no significant enhancement and were not close to the levels required to explain the NO 3 reactivity (equivalent to approximately 4 ppm ethylene by volume mixing ratio). The average value of the NO 3 loss frequency across the center of the more reactive plume at 65 km in Figure 13 was 0.018 s −1 . Table 3 shows several VOCs and/or VOC classes that could give rise to such a plume. Figure 14 shows a similar plot for the next transect downwind at the same altitude (transect 2 in Figure 12 ). The presence of very highly reactive plumes was less distinct on the further downwind transect, with one single sharp plume at approximately 60 km from the start of the transect, similar to those seen in Figure 13 , and several broader, less reactive plumes thereafter. Again, there was no canister sample coincident with the sharp plume of highest reactivity. The downwind transect also had elevated aromatic VOC and ethene levels throughout the broader plume, but no significant enhancements associated with the largest NO 3 reactivity. There were also no significant enhancements in fine particle volume (mass) within these plumes, indicating that the increased reactivity is not attributable to heterogeneous reactions of N 2 O 5 , and that the inferred NO 3 -VOC oxidation reactions did not lead to large secondary aerosol production. Table 3 gives the fraction of different VOC classes that would have been oxidized during ∼3 h of transport time (inferred from local wind direction, speed and distance from the ship channel at the point of sampling for the narrow plume in transect 1), as well as the mixing ratios of each class required to explain the observed maximum NO 3 reactivity. The oxidized fraction calculation assumes all of the flux from the rate-limiting NO 2 + O 3 reaction (R1) is consumed by reaction of NO 3 with a single VOC within the plume. The following expression then gives the approximate mass of NO 2 or HRVOC through this reaction.
The ozone concentration and NO 2 mixing ratio, [O 3 ] and NO 2 , are taken as those observed at plume center (O 3 mixing ratio = 48 ppbv, NO 2 mixing ratio = 15.3 ppbv). The approximate estimate assumes O 3 to be constant (i.e., O 3 in large excess over NO 2 ) and therefore provides only a lower limit, since the actual O 3 will decrease during the oxidation process. The estimate also does not account for the direct consumption of HRVOCs by O 3 during transport, and is thus a measure only of the consumption due to NO 3 radicals. In equation (6), k 1 is the NO 2 + O 3 rate coefficient and Dt is the estimated transport time. Table 3 shows that nighttime NO 3 reactions within this plume would consume only a small fraction of 1-alkenes, if these were the reacting species, but that NO 3 reaction would consume a potentially large fraction of more reactive compounds, such as butene isomers or dialkenes (up to 90% in 3 h) if the plume consistent of these VOCs. The required levels of 1-alkenes are larger than the available NO 2 , so that their oxidation would be limited by the available integrated NO 3 radical production. The required levels of faster reacting VOCs are smaller than the observed NO 2 and thus could be fully consumed by NO 3 during transport in darkness.
[37] This analysis shows that VOC emissions from the Houston Ship Channel can occur in concentrated plumes of very reactive compounds at night, and that these fast-reacting plumes can be largely consumed by overnight reactions with NO 3 , limiting their potential for next-day ozone formation.
Conclusions
[38] This paper has examined budgets for production and loss of the nighttime nitrogen oxides, NO 3 and N 2 O 5 , and the associated oxidation of HRVOCs from nighttime aircraft measurements downwind of urban, industrial and rural areas of Texas. Net NO 3 radical productions rates were large (1-2 ppbv h −1 ) within NO x -containing plumes of industrial origin. The largest fraction of this radical flux went to oxidation of AVOCs, mainly alkenes and, to a lesser extent, aromatics. Within plumes from urban Houston transported well downwind of the city in the residual daytime boundary Figure 14 . Same as Figure 13 , except for a second east-west P-3 transect further downwind but also at 650 m altitude (transect 2 in Figure 12 ). layer, NO 3 radical production rates were generally smaller due to greater photochemical aging of the plumes and lower nighttime NO x levels. Radical production and VOC oxidation rates were larger within the nocturnal boundary layer over the urban area. Nitrate radical production rates were the smallest (∼0.1 ppbv h −1 ) in rural areas, where isoprene, likely from vegetation, was the largest contributor to NO 3 loss. Indirect loss of NO 3 by heterogeneous N 2 O 5 uptake contributed in all regions, but represented only 14-28% of the total budget. The uncertainty in this term was 70-90%, however, due to uncertainty in the uptake coefficient for N 2 O 5 . Loss of NO 3 to nighttime reactions with peroxy radicals was also highly uncertain due to the lack of peroxy radical measurements. The lower limit of this contribution to the NO 3 budget was 1-4%, based the predicted peroxyacetyl radical levels known to be present in equilibrium with PAN. Comparison of different oxidants showed that NO 3 was 3-5 times more important than O 3 as a nighttime oxidant of VOCs for the flights in the Houston area. Finally NO 3 reactivity, as measured by the inverse of its steady state lifetime, demonstrated the presence of plumes of HRVOCs not measured by the instruments on the P-3.
